The unfolded protein response (UPR) is an intracellular homeostatic signalling pathway that is induced by accumulated misfolded/unfolded proteins in the endoplasmic reticulum (ER). The UPR is closely associated with the development of disease in several tissues, including the central nervous system (CNS), in response to ER stress. More recently, the unique features and importance of the UPR have been revealed in neural stem cells (NSCs) and differentiated CNS cells [neurons and glial cells (astrocytes and oligodendrocytes)]. Although several UPR signalling pathways dynamically change in each CNS cell during brain development, the role of UPR signalling in CNS cells (especially NSCs and glial cells) under pathological or physiological conditions is poorly understood. Here, we discuss and summarize the recent progress in understanding how the UPR regulates the proliferation, differentiation, maturation and viability of CNS cells.
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The central nervous system (CNS) is composed of the brain and the spinal cord. These tissues contain several types of CNS cells, such as neurons, astrocytes and oligodendrocytes, that are derived from neural stem cells (NSCs). In mammals, both neurons and glial cells (astrocytes and oligodendrocytes) are essential for higher brain functions, including learning and memory (1, 2) . In addition, proper brain development due to the differentiation of NSCs into CNS cells, and the maturation and survival of CNS cells, are necessary to perform higher brain functions. During brain development, NSCs proliferate and differentiate into neural cells. Since protein synthesis increases to acutely alter cellular properties, the quality control of newly synthesized proteins is important for proper brain development.
The endoplasmic reticulum (ER) is an organelle that is related to many cellular functions through the posttranscriptional modification and correct folding of newly synthesized membrane or secretory proteins. The accumulation of misfolded proteins in the ER, known as ER stress, induces the unfolded protein response (UPR) to maintain proteostasis through translational attenuation, refolding of misfolded/unfolded proteins and protein degradation, referred to as ERassociated protein degradation (ERAD) (3, 4) . In addition to ERAD, a novel UPR pathway named the ER stress-induced pre-emptive quality control (ERpQC) pathway has been identified, and it degrades newly synthesized ER-targeting proteins in the cytosol before their translocation into the ER (57) . ERAD and ERpQC promote the degradation of each target protein through the ubiquitinproteasome pathway. However, upon the accumulation of misfolded/unfolded proteins that results in an overloaded proteinfolding capacity in the ER, the UPR triggers apoptosis to exclude stressed cells and maintain tissue homeostasis. In recent years, the UPR has been revealed to be involved in the innate immune response, metabolism, cell differentiation and cell maturation. Therefore, the UPR is thought to play an important role in proteostasis during NSC proliferation or differentiation and in the maturation of newly generated neurons or glial cells. Since newly generated post-mitotic neurons survive longer than other tissue cells without cell proliferation, an excess of UPR signalling in neurons is thought to be related to the pathogenesis of many types of neurological disorders (8, 9) . On the other hand, glial cells (astrocytes and oligodendrocytes) are susceptible to ER stress because of their highly developed secretory systems (10) . In this review, we intend to summarize the emerging roles of the UPR in mammalian brain development and CNS cells, such as NSCs and glial cells.
UPR Signalling
In mammals, three major stress sensors on the ER membrane trigger the UPR signalling pathway: RNA-dependent protein kinase (PKR)-like ER eIF2a kinase (PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6) (Fig. 1) .
PERK is activated by dimerization and autophosphorylation following the recognition of accumulated misfolded proteins and works as a translational inhibitor. Activated PERK then phosphorylates eIF2a. Through this pathway, phosphorylated eIF2a attenuates global protein synthesis to reduce the protein load entering the ER (11, 12) . Phosphorylated eIF2a attenuates global protein translation and specifically induces the expression of activating transcription factor 4 (ATF4), which triggers a transcriptional program of UPR-related genes, including those associated with redox homeostasis and amino acid metabolism. In addition, ATF4 also upregulates CCAAT/enhancerbinding protein homologous protein (CHOP) expression and then induces growth arrest, apoptosis and the expression of DNA damage 34 (GADD34), which promotes dephosphorylation of elF2a reversing translational inhibition (13) .
IRE1 is activated through oligomerization and autophosphorylation by ER stress. Activated IRE1 catalyzes mRNA splicing of the transcription factor X-box binding protein 1 (XBP1) to induce a frameshift, resulting in the generation of the spliced form of the active transcription factor XBP1 (sXBP1). sXBP1 enhances the expression of UPR target genes, such as ER chaperones and certain cytoprotective genes (14) . Moreover, activated IRE1 promotes mRNA degradation to attenuate the ER protein load through a process called regulated IRE1-dependent decay (RIDD) (15) . In addition, activated IRE1 induces the activation of the c-Jun N-terminal kinase (JNK) through the complex formation with tumor necrosis associated factor 2 (TRAF2) and apoptosis signalling-regulating kinase 1 (ASK1) on the ER membrane, leading to apoptosis (16). Fig. 1 The UPR signalling pathway in mammals. Newly synthesized secretory and membrane protein are translocated into the ER lumen. During ER stress, misfolded/unfolded proteins accumulate in the ER. Then, BiP detaches from the stress sensors UPR, PERK, IRE1 and ATF6 to refold misfolded/unfolded proteins. PERK activated by dimerization and autophosphorylation phosphorylates eIF2a and represses general translation (I). This PERK-eIF2a pathway enables the translation of the transcription factor ATF4. Activation of IRE1 by oligomerization and autophosphorylation leads to the generation of the transcription factor sXBP1 through the splicing of XBP1 mRNA. Activated IRE1 can also induce targeted mRNA degradation (II). ATF6 is transported to the Golgi and cleaved by S1P and S2P and then released from the Golgi as the transcription factor ATF6 [ATF6 (N)]. These transcription factors can induce the target genes of the UPR (III). In addition, the ER promotes the degradation of misfolded/unfolded proteins through ERAD (IV). However, if UPR signalling is unable to rescue proteostasis, the ER stress eventually induces caspase-dependent apoptosis (V).
The third stress sensor of the UPR, ATF6, is a basic leucine zipper protein (bZIP)-containing type II transmembrane transcription factor protein. Under the ER stress condition, ATF6 is transported from the ER membrane to the Golgi apparatus, where it is cleaved by site-1 protease (S1P) and site-2 protease (S2P) (17) . As a result, the cleaved N-terminal cytosolic domain of ATF6 [ATF6 (N)] translocates into the nucleus and enhances the expression of UPR target genes, such as Xbp1, ER chaperons and ERAD components (11, 18) .
UPR Signals in Mammalian Brain Development
NSCs can produce each type of CNS cell with time. The timing of neurogenesis and gliogenesis is strictly regulated by some factors, such as epigenetic mechanisms and extracellular factors, in the developing brain (1921). More recently, UPR signalling has attracted attention as a mechanism that controls neurogenesis and brain development.
The UPR reportedly contributes to the neuronal fate commitment of other neural stem/progenitor cells. In vitro studies using mouse embryonic stem (mES) cells revealed that PERK is activated during their neuronal differentiation (22) . In addition, ER stress inducers, such as tunicamycin and thapsigargin, enhance the neurogenesis of mES cells and inhibit their differentiation into glial cells (22) . Furthermore, the induction of mild ER stress by tunicamycin leads to increased neuronal differentiation of mouse embryonic carcinoma P19 cells in the presence of retinoic acid, which can induce the neuronal differentiation of P19 cells ( Fig. 2) (23) . In contrast, the reduced expression of the ERAD-related E3 ubiquitin ligase HRD1, which is localized on the ER membrane and increased during ER stress, rescues the accelerated neuronal differentiation by tunicamycin (23) . These findings suggest that the UPR is a key factor in neuronal differentiation.
The UPR also regulates the neurogenesis of the cerebral cortex. The cerebral cortex consists of some neuronal layers with inside-out patterns from distinct lineage-related neural progenitors (24) . During corticogenesis, apical progenitors (APs) divide asymmetrically to directly generate neurons. Then, the APs generate intermediate progenitors (IPs) that differentiate into projection neurons (indirect neurogenesis) (Fig. 3) . The activation of the PERK-eIF2a-ATF4 signalling pathway by loss of Elp3, which is a subunit of the Elongator complex, leads to microcephaly and a decrease in IPs. In addition, ATF4 knockdown increases both the generation of IPs and indirect neurogenesis (25) . These findings revealed that the progressive attenuation of the expression of UPR-related genes, such as ATF4 in cortical progenitors, acts as a physiological signal for the proliferation of IPs and the promotion of indirect neurogenesis (Fig. 3) (25) . Therefore, it is thought that physiological UPR signalling contributes to cell fate acquisition during cortical development. Moreover, Mimura and colleagues have been shown that mutant BiP-expressing mice display a disordered outside-in pattern of layer formation (this pattern is inverse to the correct inside-out layer formation) in the cerebral cortex. These mice also showed migration defects in the cerebellum (26) . These phenotypes are very similar to reeler mice that have a deletion of most of the reelin gene (27, 28) . Reelin is secreted from Cajal-Retzius (CR) cells that are distributed in the marginal zone of the cerebral cortex and in the dentate gyrus of the hippocampus, and it has essential roles in correct mammalian cortical development (Fig. 3) (28) . Indeed, reelin expression is reduced post-transcriptionally in the mutant BiP mouse brain, suggesting that BiP-mediated UPR are required for proper reelin secretion. In addition to these phenotypes, mutant BiP mice show microcephaly and a scattering of CR cells in the cerebral cortex (26) . Since these phenotypes were not observed in reeler mice, it is conceivable that BiP also regulates other crucial factors in brain development by promoting the folding of several specific ER proteins. These ? , inhibition.
Role of UPR in CNS
findings highlight the importance of UPR signalling in mammalian cortical development. During brain development, UPR-related genes tend to be highly expressed in the early stage rather than the later stage (25, 2932) . For example, ATF6 and several ER chaperones, such as calreticulin, GRP78, GRP94 and ER protein (ERp) 57 are highly expressed in the embryonic brain compared with the adult brain (30) . The UPR-mediated activation of caspase-7 and caspase-12 is known to contribute to the neuronal cell death. Collectively, several UPR pathways are thought to be important for the elimination of newly generated excess neurons in the embryonic brain but not in the adult brain. Moreover, ATF4 is reported to be highly expressed in the early developmental stage similar to embryonic days (E) 1012, and its expression gradually decreases with developmental progression (Fig.  2) (31) . This dynamic change in ATF4 expression contributes to proper cortical neurogenesis by controlling the cell cycle progression of the earliest neural progenitors via regulation of Cyclin D promoter activity (31) . In addition, the overexpression of ATF4 impairs the proper migration of newly generated neurons by the unknown mechanism. Altogether, since the cell dynamics are more active in the embryonic brain (especially in the early period) than in adults, UPR activation may be required for the response to increase the capacity of protein folding or to maintain proteostasis in the ER during the brain development.
As described above, in addition to having critical roles in the neuronal differentiation (neurogenesis) of NSCs, cell fate commitment and the elimination of neurons, the UPR also contributes to the maturation of newborn neurons. XBP1 expression is upregulated during brain development and is involved in neurite outgrowth (Fig. 2) (29, 33) . XBP1 mRNA expression in the brain is induced by exposure to environmental factors (e.g. exercise or enriched environments), in which the expression of brain-derived neurotrophic factor (BDNF) is increased, and its splicing occurs when the hippocampus is exposed to behavioural stress (3436). Spliced XBP1 is transported to the nucleus, where it serves as a signal transducer for neurite outgrowth (29, 33) . Indeed, cultured hippocampal neurons derived from XBP1 knockout mice exhibit significantly impaired BDNF-induced neurite extension and branching (29) . In addition, molecular targets of XBP1 for neurite outgrowth and branching have been investigated by a gene expression profile analysis using primary cultured XBP1 knockout neurons (33) . As a result of this analysis, the upregulation of three GABAergic markers, calbindin, neuropeptide Y and somatostatin, has been shown to be dependent on XBP1 expression under the conditions of BDNF treatment (33) . Furthermore, XBP1 also directly regulates the expression of BDNF transcripts and several memory-related genes in the adult mouse hippocampus and contributes to learning and memory-related processes (37) . Reports suggest that one of the factors in UPR signalling, IRE1-XBP1, plays an essential role in processes that support the development of higher brain functions, including the neurite outgrowth of neurons, during brain development through positive feedback loops between BDNF. In addition to IRE1-XBP1 signalling, the ERAD pathway may also regulate neuronal maturation. The downregulation of HRD1, an E3 ubiquitin ligase that is an important component of the ERAD pathway (3, 38) , rescues the neuronal maturation impairments caused by mild conditions of ER stress via tunicamycin during the retinoic acid-induced neuronal differentiation of P19 cells (23) .
In the last few years, an increasing number of studies have focused on adaptive preconditioning of the ER stress and the UPR, which is generally known as hormesis. Adaptive preconditioning of the ER stress and the UPR activates multiple cellular protective responses that contribute to proteostasis restoration. Several recent studies have shown that these adaptive responses can protect neurons in some models of neurological disorders and can be induced by preconditioning treatments (39, 40) . For instance, the developmental ablation of XBP1 in the CNS induces an adaptive ER stress response and protects neurons from the neurodegeneration associated with neurological disorders, such as Parkinson's disease, amyotrophic lateral sclerosis (ALS), and Huntington's disease (4143). Therefore, XBP1 has been suggested to be an important switch in controlling the ER adaptive response during brain development. These studies revealed that the spatial and/or temporal control of the UPR is indeed critical for neuronal differentiation, neuronal maturation and neuronal protection. The UPR signals must be fine-tuned to control proper neurogenesis, including the morphological maturation of neurons during mammalian brain development.
The UPR in NSCs
NSCs are defined as cells that have the ability to selfrenew and to differentiate into three types of CNS cells, neurons, astrocytes and oligodendrocytes (20, 21) . Since topics on brain development and differentiation from NSCs have already been addressed above, this paragraph focuses on the UPR in NSC self-renewal and viability. With results similar to those for differentiation, recent studies have indicated that the UPR has critical roles in NSC self-renewal (4447). The downregulation of DOT1-like (DOT1L), a histone H3 methyltransferase, in the NSCs of the cerebral cortex impaired the proliferation and survival of NSCs by upregulating the ER stress transcription factors ATF4 and CHOP, which was accompanied by the loss of Lysine 79 (H3K79) dimethylation in H3, which is thought to be associated with context-dependent transcriptional not only activation but also suppression (Fig. 2) (45) . This study also suggested that the loss of H3K79 dimethylation at the Atf4 and Chop promoters causes irreversible activation of the death program in NSCs. Recently, the UPR has also been reported to be related to the viability of adult NSCs, which are located in two restricted brain regions, the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone (SGZ) of the adult hippocampal dentate gyrus (DG) (44, 46) . For example, the viability of adult SVZ-derived NSCs are increased by Galanin receptor (GalR) 3 activation, which counteracts NSC glucolipotoxicity in diabetes/obesity (44) . This protective effect correlates with the modulation of the UPR signalling through decreased CHOP expression. With results similar to those for glucolipotoxicity in diabetes/obesity, exposure to ketamine, a well-known agent for mimicking schizophrenia features in vivo, impairs SVZ-derived adult mouse NSC viability in vitro (46) . The impairment of NSC viability is correlated with increased apoptosis, mTOR activation and increased CHOP levels (46) . These studies indicate that the UPR contributes to NSC differentiation and self-renewal and that ER stress dysfunction eventually induces apoptosis of NSCs.
The UPR in Glial Cells
Astrocytes Astrocyte is a type of CNS cells that are abundant in the mammalian brain. These cells serve as trophic supporters for neurons in synaptic formation, synaptic function, synapse pruning and many other homeostatic maintenance functions (48, 49) . Interestingly, compared with neurons, astrocytes show higher resistance to ER stress induced by hypoxia or ischemia, suggesting that astrocytes have different UPR signalling than neurons (5052). In fact, in addition to the canonical ER stress sensors PERK, IRE1 and ATF6 (5355), astrocytes specifically express the ER stress sensor old astrocyte specifically induced substance (OASIS) (56, 57) . OASIS is a transmembrane protein that contains the bZIP domain and belongs to the CREB/ATF family of transcription factors. Similar to ATF6, OASIS is cleaved in the membrane of the Golgi apparatus by S1P and S2P in response to ER stress. Then, cleaved OASIS fragments induce the UPR target genes, including BiP. OASIS-transfected C6 glioma cells have been shown to be significantly more resistant to ER stress-induced cell death (57) , suggesting that OASIS is an important UPR sensor in the protection of astrocytes from the ER stressinduced cell death caused by injury from hypoxia or ischemia (Fig. 2) . Although the number of studies is low, studies have reported that the UPR also contributes to astrogenesis. For instance, the ER stress inducer tunicamycin suppresses astrogenesis in in vitro experiments ( Fig. 2) (23) . In addition, Saito and colleagues reported that the deletion of OASIS in NSCs and mouse CNS inhibited astrocyte differentiation due to decreased DNA methylation of the Gfap promoter, which is essential for the differentiation of NSCs into astrocytes ( Fig. 2) (58) . OASIS upregulates the expression of the transcription factor glial cell missing 1 (gcm1), an essential gene in astrocyte differentiation (58, 59) . Furthermore, the overexpression of gcm1 in Oasis knockout NSCs rescues the delayed differentiation of NSCs into astrocytes by promoting demethylation of the Gfap promoter. These findings suggest that the activation of the OASIS-gcm1 UPR pathway is indispensable in astrogenesis.
Oligodendrocytes
Oligodendrocyte is a type of glial cells that is wellknown as myelin-forming cell in the CNS. The main function of oligodendrocytes is to support neurons by secreting neurotrophic factors, maintaining axon integrity and facilitating rapid salutatory nerve conduction through myelination (60) . The myelin sheath, synthesized by oligodendrocytes, is a membrane structure that is rich in lipids. Oligodendrocytes need to synthesize vast amounts of myelin membrane proteins and membrane lipids through the ER to form a mature myelin sheath (60, 61) . Therefore, oligodendrocytes are suggested to be very sensitive to the disruption of ER homeostasis and secretory pathways (10) . Several studies suggest that the increased vulnerability of oligodendrocytes is associated with the pathogenesis of various myelin disorders (10, 6264) . Myelinating cells, including oligodendrocytes in CNS and Schwann cells in peripheral nervous system, have the unique feature of UPR signalling. For instance, although CHOP is involved in the induction of apoptosis in other CNS cells, it does not participate in ER stress-induced apoptosis or cell death in myelinating cells (65, 66) . In addition, contrary to canonical works, CHOP exhibits antiapoptotic activity against oligodendrocytes under pathological ER stress-induced conditions (Fig. 2 ) (66) . With regard to the development of oligodendrocytes, despite the fact that activation of PERK is observed in demyelinating oligodendrocytes in multiple sclerosis (MS) model mice (67) , the deletion of PERK does not affect oligodendrocyte development, suggesting that PERK is dispensable in the normal development of oligodendrocytes (68) .
In addition to oligodendrocytes, microglia, which are another type of glial cell in the CNS, are also important for the pathophysiology of MS through UPR regulation. Microglia are well known as sensors of pathogenic changes in the CNS, and they work as intrinsic immune effector cells. Several studies have shown that UPR signalling is upregulated in microglia in MS lesions (69, 70) . Very recently, a study reported that ATF6a in microglia contributes to the pathology of experimental autoimmune encephalomyelitis (EAE), which is an animal model of MS, through the regulation of microglia-mediated inflammation in the mouse spinal cord (71) . Therefore, these studies suggest that understanding the roles of the UPR not only in oligodendrocytes but also in microglia is necessary to reveal the pathogenic mechanisms of demyelinating diseases such as MS.
In addition to pathological situations, a very recent study revealed that three types of UPR receptors and ER chaperones show differential activation and expression, respectively, during neonatal myelination in the rat cerebellum ( Fig. 2) (72) . These findings suggest that the UPR contributes to the maintenance of proper oligodendrocytes development and myelination in the mammalian brain and that disturbances in UPR signalling under aberrant ER stress inhibit the myelination process, resulting in brain malformation and disorders. However, the precise molecular mechanism of oligodendrocyte development relative to the UPR remains elusive. Therefore, understanding the physiological and potential roles of the UPR in oligodendrocytes in the application of treatments for demyelinating diseases such as MS requires further investigation.
Conclusion
The roles of the UPR in neurons and in neurodegenerative diseases have been studied in the past few decades, but an understanding of the roles of the UPR and ER stress in other CNS cells, including glial cells, remains in its infancy. Recently, the importance of the UPR in brain development and in glial cell dynamics has increasingly been recognized. In addition, the UPR signalling derived from apparent ER stress loss conditions or physiological ER stress (also called mild ER stress) plays vital roles in glial cells development or functions and in brain development. However, the detailed upstream regulators of UPR signalling without ER stress and the different roles of UPR signalling in CNS cells remain unclear. Therefore, studying the physiological roles of the UPR in CNS cells, which are particularly sensitive to ER stress because of the synthesis of many proteins that change its state and the secretion of many factors, may be considered important in the future. The clarification of cell type-specific physiological UPR control with the progression of research on the UPR in CNS cells may lead to suppression of the onset of diseases that accompany UPR failure and to the development of novel therapeutic methods that target the UPR. 
